Background. Despite the high burden of respiratory infection and the importance of early and accurate diagnosis, there is no simple diagnostic test to rule in viral infection as a cause of respiratory symptoms.
Acute respiratory illnesses are extremely common, accounting for more than 500 million outpatient illnesses and 3.6 million hospitalizations per year in the USA alone [1, 2] . Viral infection is a common cause of these illnesses but it is usually a diagnosis of exclusion, because current tests to rule in viral infection are often prohibitive in cost and time. A simple, pan-viral test to rule in a viral cause for respiratory symptoms could have a tremendous positive impact by facilitating rapid diagnosis, improving patient care, and enabling more efficient use of medical resources for the millions of patients with respiratory illness [3, 4] .
Current diagnostic strategies to rule in viral infection require testing for a number of distinct viruses that cause similar symptoms, because tests identify features specific to each virus. Common tests use polymerase chain reaction (PCR)-based identification of viral genomes or viral antigen detection [5] . Testing for a panel of suspected viruses can be time consuming and/or expensive, and falsely negative if the patient is infected with a virus that is not in the panel. Identifying which one of many clinically similar viruses is causing a respiratory illness usually does not impact treatment, because virus-specific therapies are only available for influenza. One promising approach to developing a pan-viral test is to focus on biomarkers indicating that the body is responding to a viral infection.
Several recent studies have demonstrated that gene expression patterns in blood cells or plasma can indicate the presence of viral infection [6] [7] [8] [9] [10] [11] [12] , and a recent brief report showed that levels of certain host mRNAs detected on respiratory swabs correlated with symptomatic viral infection [13] . These findings demonstrate the promise of using the host response to develop a pan-viral diagnostic test. Therefore, we performed 2 studies to evaluate whether biomarkers of the antiviral response could identify virus-positive nasopharyngeal swabs, using swabs sent to our health care system for respiratory virus testing. We sought to identify host proteins as well as mRNAs that could indicate viral infection in this sample type, because immunoassay-based tests are in common use in laboratory and point-of-care testing.
Guided by in vitro RNA sequencing (RNAseq) experiments on nasal epithelial cells, in our first study we prospectively examined the performance of a signature of 3 host mRNAs for predicting viral infection, and we also used these samples to retrospectively identify promising potential protein biomarkers detectable in the swab-associated viral transport medium. In our second study, we prospectively evaluated CXCL10 and CXCL11 proteins and found a high correlation between levels of each of these proteins and the presence of viral infection. Here we report our findings, which indicate great potential for developing simple, pan-viral diagnostic tests to identify patients with respiratory virus infection.
METHODS

Nasal Epithelial Cell Culture and Stimulation With Viral-Mimetic Ligand
SLR14
Primary human nasal epithelial cells were obtained commercially (Promocell) and grown in BEGM medium (Lonza). Hydrocortisone and epinephrine supplements were removed prior to stimulation. Cells were transfected with the RIG-I ligand SLR14 (also known as 14-hp), a generous gift from the Pyle lab, using Lipofectamine 2000 (Invitrogen) then incubated for 7 hours at 37°C [14] .
RNAseq
The raw reads of RNAseq experiments were trimmed off sequencing adaptors and low-quality regions by btrim [15] . The trimmed reads were mapped to human genome (GRCh37) by tophat2 [16] . The counts of reads for each gene were based on Ensembl annotation (release 70) and differential expression analysis was done by DEseq2 [17] , which calculated the adjusted P values. RNASeq data have been deposited in NCBI's Gene Expression Omnibus (GEO), accession number GSE 107898.
Study Design
Sample Selection
Both studies used samples sent to the Yale-New Haven Hospital (YNHH) diagnostic virology laboratory by patients' health care providers. Sample collection windows were selected during high test volume winter months, when multiple viruses were circulating, based on availability of personnel to process samples for research. For both studies, samples were included if: (1) direct fluorescent antigen (DFA) testing was ordered; (2) the 9-virus respiratory PCR panel was ordered (for Study 2, this was only required for DFA-negative samples); and (3) the samples were of adequate quality to perform DFA testing as determined by microscopy.
Sample Processing
Study 1 included 68 nasopharyngeal (NP) swabs collected in viral transport medium during 14 days between 12/2015 and 2/2016. Samples were stored for a maximum of 8 hours at 4°C prior to centrifugation and separate storage of cell pellets in lysis buffer and supernatants at −80°C. Study 2 included viral transport medium from 151 NP swabs sent to the YNHH lab during 1 week in December 2016 and stored at −80°C.
Human Subjects Oversight
All samples were de-identified and coded by the clinical laboratory. The protocol was approved by the Yale Human Investigations Committee.
Assessing Performance of Biomarker Tests
The investigator responsible for reverse-transcription quantitative PCR (RT-qPCR) testing and sample scoring (Study 1) or immunoassay testing (Study 2) (E. F. F.) was blinded to virology testing results until after the biomarkers were measured and samples were scored.
Clinical Virology Testing
Samples were collected by patients' health care provider with flocked swabs placed into 3-mL universal viral transport medium (Becton Dickinson). Nucleic acids were isolated from 0.2 mL of transport medium using the Nuclisens (Boom method) on the Easy Mag instrument (bioMerieux). DFA tests were performed using commercial reagents (Light Diagnostics SimulFluor Respiratory Screen Reagent, Millipore Corporation). PCR and direct fluorescent antigen testing for a panel of 9 respiratory viruses (Table 1) were performed as described previously [18] [19] [20] [21] [22] [23] [24] .
Coronavirus and PIV4 Testing
Coronavirus multiplex PCR assay was adopted from Sultani et al, 2015 [25] , for CoV-NL63, CoV-229E, CoV-OC43, and CoV-SARS, and confirmation of positive samples was performed using singleplex PCR. PIV4 testing was performed using a previously reported assay [26] . Sources of RNA were: Study 1, RNA from cell pellets; Study 2, nucleic acids for clinical virology testing, followed by genomic DNA digestion and RT (iScript gDNA clear, Bio-Rad Laboratories).
Quantitative RT-PCR for Host mRNAs, Study 1
RNA was isolated from cell pellets using the RNeasy kit (Qiagen) and reverse-transcribed RNA using iSCRIPT cDNA synthesis kit (Bio-Rad Laboratories), qPCR was performed using iTAQ Universal SYBR Green (Bio-Rad Laboratories). Primers were: 
Immunoassays for Chemokines in Viral Transport Medium
Frozen viral transport medium was thawed on ice and centrifuged to remove cell debris. Chemokine levels were measured using the Bio-Plex or Luminex instrument with Milliplex MAP human cytokine panel III (HCYP3MAG-63K) or Bio-Plex Pro 
Data Analysis and Statistics
Data analysis employed SAS/STAT statistical analysis software and IBM SPSS statistical analysis software.
RESULTS
Identification of Potential Nasopharyngeal Pan-viral Biomarkers Using
RIG-I Stimulation of Human Nasal Epithelial Cells In Vitro
Respiratory epithelial cells can mount vigorous antiviral defense responses upon viral recognition by the cell-intrinsic innate immune system, through rapid induction of antiviral genes [27] . To identify robust biomarkers of the antiviral response in human nasal epithelial cells (HNEC), we stimulated HNEC in vitro with a small molecule ligand of RIG-I, a cytoplasmic receptor for viral RNA. Although this treatment stimulated RIG-I mimicking RNA virus infection, analogous sensors for DNA viruses trigger many of the same downstream signals [28] .
Consistent with previous studies of airway epithelial cells responding to viral infection, transcriptional changes were dominated by interferon-stimulated genes (ISGs; Figure 1 and Supplementary Table S1 ). These include mRNAs associated with respiratory virus infection in other sample types and/ or patient populations, including IFIT genes, OAS genes, and RSAD2/viperin [6, 8, 13, 29] . Figure 1 highlights highly induced transcripts evaluated as potential biomarkers in this study. These include multiple chemokines, small secreted proteins that function as chemoattractants to recruit cells of the immune system to infected tissues. Transcripts that encode secreted proteins were of particular interest because they could potentially serve as biomarkers of viral infection at both the RNA and protein levels and therefore could be useful for developing both PCR-based and immunoassay-based diagnostic tests.
Transcriptional Signature Based on 3 mRNAs Predicts Respiratory Virus
Infection from Nasopharyngeal Swabs
Next, we investigated whether a transcriptional signature based on 3 of the identified mRNAs could predict viral infection in nasopharyngeal swabs. We performed RT-qPCR for biomarkers on RNA isolated from 68 NP swabs sent to the YNHH lab for respiratory virus testing. Chart review revealed that most patients were older adults with multiple comorbidities, presenting with respiratory symptoms and/or fever, and/or altered mental status. Top comorbidities were cardiovascular disease (25/68), malignancy (24/68), and asthma/COPD (16/68) (see Supplementary Figure S1 ).
We measured levels of 3 mRNAs identified by the RNAseq experiment: 2 encoding intracellular proteins (OASL, IFIT2) and 1 encoding the chemokine CXCL10. Levels of each biomarker correlated highly with virus detection (Figure 2A and Supplementary Figure S2 ). For the mRNA signature test, we scored each mRNA level as above or below a cutoff determined by the mRNA level detected in SLR14 stimulated HNEC. If at least 2 mRNA were above the cutoff for a given sample, the sample was scored as positive for viral infection.
All but 5 samples scoring positive on the host response test also tested positive for known respiratory viruses on the 9-virus YNHH panel (Table 1 ; Figure 2A ). The YNHH virus panel does not include coronaviruses (CoV). Therefore, we tested RNA from all patient samples using a previously described multiplex assay for 4 CoV genotypes [25] ; 8/68 specimens were positive for coronavirus OC43. Strikingly, all 5 of the biomarker-positive, virus panel-negative samples were positive for CoV-OC43 (indicated by asterisks next to bars in virus panel, Figure 2A ), and the other CoV detections were codetections in samples positive for other viruses.
As shown in Figure 2B , the overall diagnostic accuracy of the mRNA biomarker test was 97% (95% confidence interval [CI], 0.9-1.0) and the positive predictive value was 100% (95% CI, 0.84-1.0). Two of 68 samples represented false negatives (virus detected in the absence of ISG signature), including 1 rhinovirus (RV) + and 1 human metapneumovirus (hMPV) + sample. Of the 16 samples from patients with asthma or COPD, 5 were virus positive; 4 were biomarker test positive and 1 was biomarker test negative (hMPV + sample). All 11 virus-negative samples from asthma or COPD patients were biomarker test negative. Seven distinct viruses were detected in the samples by both conventional and the mRNA signature testing ( Figure 2C ), were transfected with SLR14 for 1 hour, then incubated for 7 additional hours at 37°C, followed by RNA isolation and transcript analysis by RNAseq. Dots represent transcripts significantly different in control versus SLR14 stimulated HNEC (adjusted P-value of <0.05, log 2 FoldChange >1 or <−1). Labels highlight transcripts examined in this study as potential nasopharyngeal biomarkers of viral respiratory infection. A more extensive list of differentially expressed transcripts can be found in Supplementary Table S1 .
indicating the great potential for a single host-based test to capture infection by diverse viruses.
Based on chart review, 8 patients had findings indicative of nonviral infection (see Supplementary Table S2 ). Seven were virus negative. These 7 patients were also negative for the host mRNA signature described in Figure 2 . In addition, 1 patient had radiological evidence of bacterial infection and sputum culture was positive for Pseudomonas. This patient also tested positive for coronavirus OC43 and for the host signature for viral infection described in Figure 2 . Although this study was not designed to assess nonviral infection, these data suggest that the host response signature in Figure 2 is specific for viral infection and is not triggered by or inhibited by other infection types.
CXCL10 and CXCL11 Protein Levels Correlate With the Presence of Respiratory Virus
As indicated in Figure 1 and Supplementary Table S1 , some of the most highly induced mRNAs triggered by RIG-I ligand in nasal cells in vitro encode chemokines. To identify which of these chemokines might serve as robust biomarkers of viral infection at the protein level, we measured levels of 8 chemokines identified in the RNAseq experiment, using immunoassay of the viral transport medium. Of the 8 chemokines tested, only CXCL9, CXCL10, and CXCL11 levels correlated with the presence of virus, with CXCL10 and CXCL11 showing the most robust correlation (Figure 3 ).
CXCL10 and CXCL11 Proteins Each Predicted Presence of Respiratory Virus in the Second Set of Nasopharyngeal Swabs
To further evaluate the usefulness of CXCL10 and/or CXCL11 proteins in predicting respiratory virus infection, we measured levels of both proteins in viral transport medium in a second set of stored samples from December 2016. Patients were primarily older adults (72% of patients over the age of 50) and also included young children (15% of patients vs 6% in Study 1; Supplementary Figures S1 and S3 ). CXCL10 and CXCL11 concentrations correlated highly with viral infection ( Figure 4A ). Samples were initially tested for the 9-virus panel and CoVs as in Study 1, then results were compared to biomarker levels. Because several virus-negative samples had very high levels of CXCL10 or CXCL11, we further expanded the test panel by testing for parainfluenza virus type 4 (PIV4). Three samples tested positive for PIV4, including 2 samples with high levels of CXCL10 and CXCL11 in which no other virus was detected. Figure 4A shows an expanded view of the 40 samples with the highest levels of CXCL11. Detected Table 1 ; CoV, coronavirus OC43 (only CoV detected); NPV, negative predictive value; PPV, positive predictive value.
viruses that were not in the original test panel (Table 1) Figures 2C and 4C ). These findings reveal that CXCL10 or CXCL11 concentration can predict infection with diverse viruses. Figure 5 shows the CXCL11 protein concentration in 219 samples (Study 1 plus Study 2), sorted from highest to lowest concentration, with bars in the virus column indicating virus detections. As shown, high CXCL11 levels correlated strongly with virus detection and low levels correlated with absence of virus, with intermediate levels being indeterminate. Based on this pattern, it is possible to envision developing a rule-in/ruleout test using a high cutoff above which samples are predicted to be virus positive, and below which samples are predicted to be virus negative. Dashed grey lines in Figure 5 represent cutoffs of >80 pg/mL for rule-in, which in this sample set would have a positive predictive value (PPV) of 90% or a cutoff of >50 pg/mL, with a PPV of 86%; dotted black lines indicate a low cutoff of 10 pg/mL, below which this test has a negative predictive value of 94% for absence of virus infection. Using cutoffs of >80 pg/mL and <10 pg/mL, about 1/3 of the samples (35%) fall into the indeterminate zone. Consistent with the observations from each study (Figures 3 and 4A ), we observed a high degree of correlation between CXCL10 and CXCL11 protein concentrations (Supplementary Figure S5 CXCL11 or CXCL10 measurements could be used to rule in/ rule out virus infection. In sum, these results demonstrate how an immunoassay-based test measuring a single host protein could have high diagnostic utility for managing patients with suspected respiratory infection.
DISCUSSION
In this study, we tested whether mRNAs and proteins associated with NP swabs could be used to predict the detection of a respiratory virus in samples sent to our hospital laboratory for conventional virology testing. We chose possible biomarkers based on transcripts strongly induced by a virus-like stimulus in primary nasal epithelial cells in vitro. The 3 mRNAs we selected all showed predictive value for viral infection in NP swabs. Surprisingly, we were also able to identify high-performing biomarkers detectable at the protein level by testing chemokines indicated by the in vitro experiment.
The mRNA and protein biomarkers we identified are all molecules known to be associated with the antiviral interferon response, a key host defense response to both RNA and DNA viruses in which viral recognition leads to interferon secretion and induction of approximately 300 different antiviral effectors [30] . While this result is not unexpected, interferon-stimulated genes have diverse regulatory mechanisms, are differentially expressed in different host tissues, and are differentially antagonized by different viruses. Therefore, identifying which one(s) performed best as pan-viral infection biomarkers in the upper respiratory tract required empirical testing.
Interestingly, although many different chemokines were induced by RIG-I stimulation in vitro, only 1 family of chemokines correlated highly with viral infection in NP swab samples: the CXCR3 ligands CXCL9, CXCL10, and CXCL11. These ligands mediate chemotaxis of T cells to sites of viral infection [31] . The consistent correlation of these chemokines with presence of diverse respiratory viruses in NP swabs suggests a particularly robust and conserved role for these chemokines in local antiviral defense of the upper respiratory tract.
We were able to identify accurate mRNA and protein-based tests. We defined an mRNA signature with very high diagnostic accuracy by combining the information from 3 biomarkers (Figure 2 ; accuracy of 97% (95% CI, 90-100%); sensitivity 91%; (Table 1) . B, Receiver operating characteristic (ROC) curves for CXCL10 (dashed line) and CXCL11 (solid line) concentrations as predictors of virus detection in this sample set, calculated using SPSS software. C, Viruses detected in the 65/151 virus positive samples in Study 2. Ten distinct viruses were detected, including both influenza A and B and 2 CoV (OC43 and 229E). specificity 100%). This test compares favorably with a recently reported mRNA-based index correlating Viperin mRNA levels to viral infection [13] . Technologies to support practical tests based on measuring host transcripts are under active development [32] . Importantly, our findings showed that NP swab-associated CXCL10 or CXCL11 protein concentrations can also serve as biomarkers of viral infection. Immunoassays are already widely used in diagnostic testing, and these findings open up new possibilities for developing practical tests for diverse patient care settings, including point-of-care.
Notably, we did observe some discordant samples. Biomarkernegative, virus-positive samples could represent infections that are not currently part of an active disease process. Recent studies show that while host antiviral responses can be detected in the respiratory tract of asymptomatic virus-infected subjects, the magnitude of transcriptional response (and possibly the presence of a response at the protein level) is greater in symptomatic than asymptomatic subjects [13, [33] [34] [35] . Consistently, analysis of rhinovirus-positive samples in Study 2 showed a clear correlation between low [CXCL11] and low viral load (Supplementary Figure S4) . Biomarker-positive, virus-negative samples could represent infections with untested viruses. Applying technologies such as deep sequencing for viral identification could provide greater estimates of biomarker accuracy in future studies [36] . It will also be important to rule out nonviral biological processes leading to biomarker elevation. For example, elevated CXCR3 chemokines have been reported in chronic respiratory diseases [37] . Encouragingly, our initial results indicate specificity of the biomarker test for virus infection in this population. In Study 1, 16/68 (23.5%) of patients had COPD or asthma and 11 of these patients were virus negative; these patients also tested virus negative by the host mRNA biomarker signature (Figure 2) .
In future studies, it will be important to explore the performance of these biomarkers in different patient populations and clinical settings. This study focused on the patients undergoing respiratory virus testing in our health care system, largely older adults and some young children. In this patient population, biomarker-based testing could provide a simple, cost-effective method to rule in/rule out of viral infection as the cause of symptoms and/or determine which patients require additional virology testing. If these biomarkers perform well in outpatients with acute upper respiratory infection, it is possible to imagine transformative new tests to aid in rapid diagnosis of these common illnesses and promote antimicrobial stewardship. For example, a pan-viral biomarker could potentially be paired with an analogous biomarker of bacterial respiratory infection to distinguish among viral infection, bacterial infection, and viral/bacterial coinfection. In Study 1, we observed that nonviral infections did not trigger the virus host response signature (Supplementary Table S2 ) indicating the potential feasibility of this approach.
In addition, biomarker-based tests offer other advantages over traditional virology panels. This includes identifying patients infected with unexpected viruses. For example, in this study, biomarkers identified samples positive for viruses that were not in the original 9-virus test panel (see Figures 2 and  4 ; bars indicated by asterisks in virus column). This illustrates how biomarker tests could be employed for surveillance for unexpected viruses, including emerging respiratory viruses. Also, biomarker-based tests offer promise for distinguishing incidental virus detections from active viral infection, an issue coming into focus as incidental respiratory virus detections are increasingly recognized to be highly prevalent in asymptomatic subjects [13, 33, 35, 38, 39] .
In sum, our results show that biomarkers of the antiviral response are robustly detected using nasopharyngeal swabs, including protein biomarkers detected with immunoassay, and that even single biomarkers detected using this minimally invasive sample type offer high diagnostic accuracy. These results compel further study of using nasopharyngeal biomarkers for improving our understanding of host/virus interactions, and for improving the diagnosis and management of patients with respiratory illness. benefit the reader, the posted materials are not copyedited and are the sole responsibility of the authors, so questions or comments should be addressed to the corresponding author. 
